Abstract. To characterize cancer-related gene expression changes in oral squamous cell carcinomas (OSCCs), we compared the gene expression profiles in OSCC-derived cell lines with human normal oral keratinocytes (HNOKs). Microarray analysis identified 166 genes that were up-regulated in OSCC-derived cell lines. Gene ontology analysis showed that cancer-related function had the highest significance. Among the genes mapped to the cancer-related network with the highest significance, the receptor for hyaluronan-mediated motility (RHAMM) was evaluated further for mRNA and protein expression in the OSCC cell lines, primary OSCCs. Overexpression of RHAMM protein was observed in all cell lines compared to HNOKs. Immunohistochemical analysis showed highly expressed RHAMM in primary OSCCs, whereas most corresponding normal tissues had no or significant down-regulation of protein immunoreactivity. Real-time quantitative reverse transcriptase-polymerase chain reaction data agreed with the protein expression. Moreover, the RHAMM expression status was correlated with the TNM stage (P<0.001). The results suggested that RHAMM expression may be correlated with tumor aggressiveness and offer clues to the development of new treatments for human OSCCs.
Introduction
Head and neck cancers are the sixth most common cancers worldwide and major causes of morbidity and mortality (1).
Cancers of the oral cavity account for 40% of head and neck cancers including squamous cell carcinoma (2) . Oral squamous cell carcinomas (OSCCs) have been identified as major global threats to public health, the prognosis of which have not improved in decades (3) . With the currently available clinical assessment and treatment methods, a third of all cases of oral cancer are diagnosed only after becoming locally advanced (4, 5) . In addition, aggressive treatment of OSCCs is controversial because it can lead to severe morbidity and disfigurement. As a result, many patients with OSCCs are either overtreated or untreated, with substantial personal and socioeconomic implications. A number of etiologic factors have been implicated in the development of OSCCs, such as the use of tobacco, alcohol, or the presence of incompatible prosthetic materials (6, 7) . However, some patients develop OSCC without risk factors, suggesting that host susceptibility may play a role. Molecular alterations in a number of oncogenes and tumor suppressor genes associated with the development of OSCC could be important clues for addressing these problems (7, 8) . Comprehensive and exhaustive expression studies of numerous genes, including functionally unknown genes, are essential to understand the complexity and polymorphisms of OSCC.
Microarray technologies have been used widely for comprehensive gene expression analysis that enables researchers to simultaneously analyze changes in thousands of genes and identify significant patterns. However, previous microarray studies performed in OSCCs have produced lists of differentially expressed genes (9-11) but failed to establish how these genes form regulatory networks. Moreover, these studies have ignored the genes that do not pass the randomly or empirically determined criteria for gene selection. We performed microarray analysis using high-density Affymetrix Human Genome-U133A plus 2.0 GeneChip arrays containing 54,675 probe sets (Affymetrix, Santa Clara, CA) to compare gene expression patterns among the OSCC-derived cell lines and human normal oral keratinocytes (HNOKs). We also adopted a computational tool, Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems, Mountain View, CA) to identify regulatory networks of differentially expressed genes related to OSCCs.
We analyzed the gene expression profiles of OSCCs using microarray technology to identify genes associated with oral carcinogenesis, which then were analyzed for network and gene ontology by IPA to identify networks of interacting genes and other functional groups. We also verified experimentally that the extracellular matrix-associated protein, receptor for hyaluronan-mediated motility (RHAMM), is OSCC up-regulated in humans and also plays an important role in tumor progression.
Materials and methods
Tissue specimens and cell lines. Tumors and patient-matched normal epithelium were obtained during surgical resection at Chiba University Hospital after patient informed consent was obtained under a protocol reviewed and approved by the institutional review board of Chiba University. The resected tissues were divided into two parts, one of which was frozen immediately after removal of the surrounding normal tissues and stored at -80˚C until protein isolation, and the second of which was fixed in 10% buffered formaldehyde solution for pathologic diagnosis and immunohistochemical staining. Histopathologic diagnosis of each neoplastic tissue was performed according to the World Health Organization criteria by the Department of Pathology, Chiba University Hospital. Clinicopathologic staging was determined by the TNM classification of the International Union against Cancer. All patients had SCC that was histologically confirmed, and tumor samples were checked to ensure that tumor tissue was present in >80% of the specimens. The OSCC-derived cell lines used in this study were HSC-2, HSC-3, HSC-4, Ca9-22, (Human Science Research Resources Bank, Osaka, Japan), H1, and Sa3 (provided by Dr Fujita at Wakayama Medical University, Wakayama, Japan). All OSCC-derived cell lines were grown in Dulbecco's modified Eagle's medium/F-12 HAM (Sigma-Aldrich Co., St. Louis, MO) supplemented with 10% fetal bovine serum (Sigma) and 50 units/ml penicillin and streptomycin (Sigma). Healthy oral gingival specimens were collected from 22-to 35-year-old patients at Chiba University Hospital. The institutional review board of Chiba University approved all relevant protocols. Five independent HNOKs were primary cultured and maintained in defined keratinocyte-SFM (Gibco-BRL, Gaithusberg, Germany) (12) .
Affymetrix GeneChip hybridization. Double-stranded cDNA was synthesized from 20 μg of total RNA using the Superscript Choice system (Invitrogen Life Technologies, Carlsbad, CA, USA). After phenol/chloroform extraction and ethanol precipitation, a biotin-labeled in vitro transcription reaction was carried out using the cDNA template (Enzo Bioarray, Farmingdale, NY). cRNA (7 μg) was fragmented according to Affymetrix protocols and added to the recommended hybridization mixture. Expression profiles were created using the Human Genome U 133 Plus 2.0 arrays containing 54,675 probe sets (Affymetrix). Arrays were stained with phycoerythrin-streptavidin, and the signal intensity was amplified by treatment with a biotin-conjugated anti-streptavidin antibody followed by a second staining with phycoerythrinstreptavidin. Arrays stained a second time were scanned using the Affymetrix GeneChip Scanner 3000.
Data analysis. GeneChip analysis was performed based on the Affymetrix GeneChip Manual with Microarray Analysis Suite 5.0, Data Mining Tool 2.0, and Microarray Database software. All genes on the GeneChip were globally normalized and scaled to a signal intensity of 500. The Microarray Analysis Suite software used Wilcoxon's test to generate detected (present or absent) calls and used the calls to statistically determine if a transcript was expressed or not. After being filtered through a 'present' call (P<0.05), the expression data were analyzed using GeneChip Operating Software 1.1 (Affymetrix) and GeneSpring 6.1 (Silicon Genetics, Redwood City, CA). Fold changes were calculated by comparing transcripts between OSCC-derived cell lines and HNOKs.
Network and gene ontology analysis. The list of up-regulated genes in OSCC identified by microarray analysis was used for network and gene ontology analysis. Gene accession numbers were imported into the IPA software. The genes were categorized based on location, cellular components, and reported or suggested biochemical, biologic, and molecular functions using the software. The identified genes also were mapped to genetic networks available in the IPA database and ranked by score. The score is the probability that a collection of genes equal to or greater than the number in a network can be achieved by chance alone. A score of 3 indicates that there is a 1/1000 chance that the focus genes are in a network due to random chance. Therefore, scores of 3 or higher have a 99.9% confidence level of not being generated by random chance alone. This score was used as the cut-off for identifying gene networks.
Protein and mRNA extraction. Protein was extracted when the cells reached 80-90% confluence; they were washed twice with phosphate-buffered saline (PBS), scraped into a tube and centrifuged briefly. The cell pellets were incubated for 30 min in a lysis buffer containing 7 M urea, 2 M thiourea, 4% w/v CHAPS, and 10 mM Tris pH 8.0, and lysed by sonication (3x10 sec pulses on ice). The sample was centrifuged at 13,000 rpm for 20 min. The supernatant containing the cell proteins then was recovered and the protein concentration was measured with a Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA) and adjusted to 1 mg/ml with lysis buffer. The pH of the protein sample was adjusted to 8.5 with 30 mM Tris-HCl. Total RNA was extracted using TRIzol Reagent (Invitrogen Life Technologies) according to the manufacturer's instructions. The extracted RNA samples were stored separately at -80˚C until use.
mRNA expression analysis. Real-time quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) was performed to evaluate the expression level of RHAMM mRNA in the OSCC-derived cell lines (HSC-2, HSC-3, HSC-4, Ca9-22, H1 and Sa3) and HNOKs. In addition, primary tumors and paired specimens of normal oral tissues from 50 patients were also evaluated. qRT-PCR was performed with a single method using a LightCycler FastStart DNA Master SYBR-Green 1 Kit (Roche Diagnostics GmbH, Mannheim, Germany), according to the procedure provided by the manufacturer. The primer sequences used to analyze RHAMM mRNA expression were forward 5'-TTCTGA ACCCTTTGGCTGG-3' and reverse 5'-ACAAGCCAAG GTGTTTTAGCC-3'. The sequence of specific primers was checked before use to avoid amplification of genomic DNA or pseudogenes by Primer3 program (available at h t t p : / / w w w -g e n o m e . w i . m i t . e d u / c g i -b i n / p r i m e r / primer3_www.cgi). Amplified products were analyzed by 3% agarose gel electrophoresis to ascertain size and purity. The PCR reactions using the LightCycler (Roche) apparatus were carried out in a final volume of 20 μl of a reaction mixture consisting of 2 μl of FirstStart DNA Master SYBR-Green I mix, 3 mM MgCl 2 and 0.2 μl of the primers, according to the manufacturer's instructions. The reaction mixture then was loaded into glass capillary tubes and subjected to an initial denaturation at 95˚C for 10 min, followed by 45 rounds of amplification at 95˚C (10 sec) for denaturation, 63˚C (10 sec) for annealing, and 72˚C for extension, with a temperature slope of 20˚C/sec, performed in the LightCycler. The transcript amount for the RHAMM gene was estimated from the respective standard curves and normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (forward 5'-CATCTCTGCCCCCTCTGCTGA-3' and reverse 5'-GGATGACCTTGCCCACAGCCT-3') transcript amount determined in corresponding samples. The significance of the gene expression levels between RHAMM-positive andnegative cases was calculated with Mann-Whitney U test, with P<0.05 considered significant.
Western blot analysis.
Protein extracts were electrophoresed on 11% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels, transferred to PVDF membranes (Bio-Rad), and blocked for 1 h at room temperature in 5% skim milk. Immunoblot PVDF membranes were washed with 0.1% Tween-20 in TBS (TBS-T) five times, and 2 μg/ml affinitypurified goat anti-RHAMM polyclonal antibody (Santa Cruz Biotechnology, Inc.) was added directly to the TBS-T solution for 2 h at room temperature. PVDF membranes were washed again and incubated with a 1:1000 of horseradish peroxidase-conjugated anti-goat IgG Envision+ (Dako Japan Inc., Kyoto, Japan) as a secondary antibody for 20 min at room temperature. Finally, the membranes were incubated with the ECL+ horseradish peroxidase substrate solution included in the ECL+ kit (Amersham Biosciences UK Ltd., UK), and immunoblotting was visualized by exposing the membranes to Hyperfilm (Amersham) (13, 14) . Triplicate examinations were performed to confirm the specificity of the antibody.
Immunohistochemistry. Immunohistochemical staining was performed on 4-μm sections of paraffin-embedded specimens using goat anti-RHAMM polyclonal antibody. Briefly, after deparaffinization and hydration, the slides were treated with endogenous peroxidase in 0.3% H 2 O 2 for 30 min, after which the sections were blocked for 2 h at room temperature with 1.5% blocking serum (Santa Cruz) in PBS before reacting with anti-RHAMM antibody (1:100 dilution) at room temperature in a moist chamber overnight. Upon incubation with the primary antibody, the specimens were washed three times in PBS and treated with Envision reagent followed by color development in 3,3'-diaminobenzidine tetrahydrochloride (Dako). Finally, the slides were lightly counterstained with hematoxylin, dehydrated with ethanol, cleaned with xylene and mounted. As a negative control, duplicate sections were immunostained without exposure to primary antibodies. To quantitate the state of RHAMM protein expression, the mean percentage of positive tumor cells was determined in at least five random fields at x400 magnification in each section. The intensity of the RHAMMimmunoreaction was scored as: 1+, weak; 2+, moderate; and 3+, intense. The percentage of positive tumor cells and the staining intensity then were multiplied to produce a RHAMMimmunohistochemical staining score (15, 16) . Cases with a RHAMM score >89.12 (the highest score for normal tissue) were defined as positive. These judgments were made by two independent pathologists, neither of whom had any knowledge or information pertaining to the patients' clinical status. Statistical significance was evaluated by Fisher's exact test, or Mann-Whitney U test. P<0.05 was considered significant.
Results

Up-regulated gene expression in OSCC-derived cell lines.
To identify differentially expressed genes between HNOKs and OSCC-derived cell lines, we performed global gene expression analysis using Affymetrix GeneChips containing >54,000 probe sets (39,000 transcripts and 33,000 annotated genes) with RNAs isolated from 4 OSCC-derived cell lines (HSC-2, HSC-3, H-1 and Sa-3). Control RNAs consisted of HNOK RNA extracted from healthy oral gingival specimens. Expression data were analyzed using the GeneChip Operating Software 1.1 and GeneSpring 6.1.
The results of microarray analysis showed that the expression levels of 166 genes were elevated ≥5-fold in all OSCC derived cell lines compared with the HNOKs (data not shown).
Network and gene ontology analysis.
Based on all genes identified as described previously (named focus genes), new and expanded pathway maps and connections and specific gene-gene interactions were inferred, functionally analyzed, and used to build on the existing pathway using the IPA knowledge base. To generate networks, the knowledge base was queried for interactions between the focus genes and all other gene objects stored in the base. Seven networks were significant in OSCC, in that they had more of the identified genes present than would be expected by chance (Table I) . We also performed gene ontology analysis of 166 focus genes using the IPA tool. Thirty-six up-regulated genes were associated with cancer-related molecular function (Table II) . The cancer-related function had the highest P-value (P=2.36E-06 to 1.23E-02). Furthermore, to investigate the network of 36 cancer-related genes, we performed network analysis and identified one network (Fig. 1 ) that included 13 cancer-related genes (Table III) . Among the genes mapped to the highest-significance cancer-related network, RHAMM was analyzed further.
mRNA expression analysis. We examined the expression levels of RHAMM mRNA in six OSCC-derived cell lines, HNOKs, primary tumors, and paired normal oral tissues from 50 patients with OSCC using qRT-PCR analysis. Significant up-regulation of RHAMM expression was observed in all OSCC cell lines examined compared with the HNOKs used Table I . Seven networks formed by over-expressed genes in OSCC cell lines. 
----------------------------------------------------------------------------------------------------
a Genes in boldface were identified by microarray analysis to be expressed differentially >5-fold in OSCCs. Other genes were either not on the expression array or not significantly regulated.
b A score >3 was considered significant.
----------------------------------------------------------------------------------------------------------------
as a control (Fig. 2A) . Data are expressed as the means ± SD of two independent experiments with samples in triplicate. In addition, similar to the OSCC cell lines, the RHAMM expression levels were up-regulated in primary tumors compared with matched normal tissues (P<0.005; MannWhitney U test) (Fig. 2B) . qRT-PCR analysis revealed upregulation of RHAMM expression in 42 (84%) of 50 primary OSCCs compared with matched normal tissues. The relative mRNA expression levels in the normal tissues and primary OSCCs ranged from 0.08 to 7.26 (median, 2.32) and 0.53 to 27.2 (median, 5.11), respectively. mRNA expression levels were normalized to GAPDH.
Analysis of protein expression of RHAMM in OSCC-derived cell lines.
To investigate RHAMM protein expression status in the six OSCC-derived cell lines (HSC-2, HSC-3, HSC-4, Ca9-22, Sa-3 and H1) (n=6) and the HNOKs, we performed Western blot analysis. Fig. 3A shows representative results.
The size of the band was detected as 85-90 kDa, as reported previously (17) . A significant increase in RHAMM expression was observed in all OSCC cell lines compared with the HNOKs.
Immunohistochemistry. A total of 52 patients with OSCC were identified for whom there was adequate histologic material available for immunohistochemical analysis with corresponding normal tissues. The correlation between the clinicopathologic characteristics of patients with OSCC and Table II . Five most frequently observed molecular functions in the identified genes related to disease and disorders. --------------------------------------------------Figure 1 . Genes up-regulated in OSCC-derived cell lines compared with HNOKs and related to cancer function of OSCC in gene ontology analysis. The functional relationship between gene products based on known interactions in IPA knowledge is described. Shapes of nodes symbolize functional class of gene product. Table III . Thirteen cancer-related genes. 
-------------------------------------------------Molecular function P-value Gene -------------------------------------------------
Fold overexpression for microarray data of OSCC-derived cell lines compared to normal control. --------------------------------------------------------------------------------------------------------------- 
.05 statistically significant.
RHAMM expression status is summarized in Table IV . All normal oral mucosa specimens had no or significant downregulation of RHAMM expression and were considered RHAMM-negative (Fisher's exact test). Among the tumors examined, 34 of 52 cases (65%) had RHAMM-immunoreaction in the cytoplasm of the tumor cells (Table IV) . Moreover, expression of these proteins was correlated with the TNM stage grading (P<0.005) (Table IV) and between early stage (stages I and II) and advanced stages (III and IV) of OSCCs (P<0.001) (Table IV) . Fig. 3B shows representative results for RHAMM protein expression in normal oral tissue and primary OSCC. The RHAMM-immunohistochemistry scores for normal tissues and OSCCs ranged from 7.23 to 89.12 (median, 45.31) and 21.82 to 231.1 (median, 103.6), respectively. The RHAMM expression levels in primary OSCCs were significantly higher than those in normal oral tissues (Mann-Whitney U test, P<0.0001) (Fig. 4A) . Furthermore, the RHAMM-immunohistochemistry scores for the early-stage (stages I and II) and advanced stages (III and IV) ranged from 57.2 to 138.6 (median, 87.2) and 21.7 to 213.3 (median, 112.5), respectively. The RHAMM expression levels were significantly higher in the OSCC group with advanced-stage disease compared with the group with earlystage disease (Mann-Whitney's U test, P<0.001) (Fig. 4B) . qRT-PCR analysis data were matched to protein expression levels studied by immunohistochemistry. RHAMM mRNA expression was significantly increased in primary tumors of randomly selected RHAMM-positive cases (n=10) compared to selected RHAMM-negative cases (n=10, Mann-Whitney U test, P<0.005) (Fig. 4C) . mRNA expression levels were normalized to GAPDH. Relative mRNA expression levels in negative and positive cases ranged from 1.3 to 17.4 (median, 8.8) and from 9.8 to 48.2 (median, 20.9), respectively.
Discussion
OSCC is the most frequently occurring malignancy in the oral cavity. Despite therapeutic and diagnostic advances, the 5-year survival rate for OSCC remains approximately 50% (18, 19) . It would therefore be helpful to discover reliable biologic marker to manage patients with OSCC; however, the constellation of genes that are instrumental in the development and progression of OSCC is unknown. Recent studies have determined gene expression profiling using microarray technology to cancer-related molecules or regions of differentially expressed genes in OSCC (9-11). However, those studies did not perform network analysis. In this context, network analysis can detect regulatory networks of differentially expressed genes and the corresponding canonical pathways. Thus, the current study was designed to identify the gene expression profiles and pathways of OSCC by means of a combination of microarray and network analysis.
Microarray analysis revealed that 166 genes were upregulated in human OSCC cells relative to HNOKs. Pathway analysis characterized seven networks from the 166 genes (Table I ). In addition, gene ontology analysis identified one network (Fig. 1 ) that included 13 cancer-related genes that had the highest P-values (P=2.36E-06 to 1.23E-02) and top biofunctions of disease and disorders.
The development of human neoplasia is accompanied by changes in the extracellular matrix (ECM) that are essential for cell migration (20) . The glycosaminoglycan hyaluronic acid (HA) is a ubiquitous component of the ECM. Increased HA expression is correlated with tumor growth and metastasis (21) . Preliminary in vitro studies have suggested potential roles for two molecularly distinct cell-surface receptors for HA, i.e., RHAMM and CD44 play pivotal roles in tumor invasion and metastasis (21, 22) . RHAMM was isolated originally from culture supernatants of ras-transformed murine 3T3 fibroblasts (23) . In addition to its extracellular localization, RHAMM also has been shown to be an intracellular protein associated with extracellular-regulated kinase (ERK) and it plays an important role in transforming the activity of H-ras in fibroblasts (24) . Increased RHAMM expression also has been reported in different invasive human tumors, such as bladder cancer (25) , endometrial cancer (26) , hepatocellular cancer (27) , breast cancer (28, 29) and pancreatic cancer (22) .
We hypothesized that RHAMM also has potential as an emerging therapeutic target of interest for the treatment of oral cancer. However, the status of RHAMM in OSCC remains unclear. Therefore, we selected RHAMM for further investigation among the 13 cancer-related genes. To clarify the relative status of RHAMM in OSCC, we investigated the mRNA/protein expression in a series of OSCC-derived cell lines and human primary OSCCs using qRT-PCR, Western blot analysis and immunohistochemistry. Significant increases in RHAMM mRNA and protein expression were observed in the OSCC-derived cell lines examined compared with the HNOKs. We also detected a comparatively strong tumor cell-localized cytoplasmic RHAMM-immunoreaction in primary OSCCs. By evaluating the RHAMM immunohistochemistry scores using the Mann-Whitney U test, significant RHAMM up-regulation was evident in the primary OSCCs (P<0.0001, OSCC vs. corresponding normal tissues) compared with normal tissues. qRT-PCR analysis data were matched to protein expression levels studied by Western blot analysis and immunohistochemistry. The RHAMM protein expression levels in primary OSCCs were significantly associated with TNM stage grading (P<0.005). Moreover, the state of the protein RHAMM expression differed significantly between the early stages (I and II) and the advanced stages (III and IV) (Mann-Whitney U test, P<0.001). Our results suggested a significant association between RHAMM and the clinical stages of tumors, with up-regulation of RHAMM in the advanced stages (III and IV) of OSCC, which may result in tumor aggressiveness and progression of OSCC. A recent study reported that RHAMM overexpression enhanced sensitivity of aurora kinase inhibitor (VX-680) to multiple myeloma cells (30) . In addition, vaccine therapy in which dendritic cells transfected with modified RHAMM mRNA were used induced strong antitumor effects in vitro (31) . From the therapeutic standpoint, this evidence may provide a novel/effective approach to treat human OSCCs.
In summary, we found novel specific networks of the cancer-related genes in OSCC cells and identified several candidate genes for molecular targeting, especially for RHAMM. Moreover, our findings contribute to the understanding of key biologic functions and pathways of certain up-regulated genes associated with OSCC, and the expression status of RHAMM may play an important role in the oral carcinogenesis.
